γ-CoV2O6 is a quasi one-dimensional spin-3 2 magnet that possesses two distinct magnetic orders in the ground state with modulation vectors k1 = ( 1 2 , 0, 0) and k2 = ( 1 4 , 0, -1 4 ), respectively. Here, we use muon spin relaxation and rotation to reveal the thermodynamics of the magnetic phase separation in this compound. In the paramagnetic (PM) region, short-range correlated spin clusters emerge at Tm 26 K at the partial expense of the PM volume. Upon further cooling, we show that these emergent clusters become spatially coherent at TN2 = 7.5 K and eventually form the k2 order at T = 5.6 K, while the remaining PM spins are driven into the k1 state at TN1 = 6.6 K. These results stress magnetic microphase inhomogeneity as a thermodynamic precursor for the ground state phase separation in weakly coupled spin-3 2 chains.
I. INTRODUCTION
Quasi one-dimensional (1D) magnets form a fertile ground to explore magnetism in low dimensions [1, 2] . Typically, materials of this class develop short-range 1D spin-spin correlations, the nature of which is determined by the strength of the coupling along the chain, at elevated temperatures. The coupling between the neighbouring chains, despite being significantly weaker than the intrachain coupling, will give rise to threedimensional (3D) coherence when it becomes energetically relevant, upon further cooling. Recently, the exotic states of matter caused by this 1D-3D dimensional crossover have been extensively exploited in both quantum (S = 1/2) [3] [4] [5] and classical (S > 1/2) [6] spin systems.
The frustrated quantum many-body interactions in correlated-electron systems can lead to spatially inhomogeneous electronic or magnetic states [7, 8] . In quasi 1D magnets, magnetic phase separation is often dynamic [9, 10] or appears in the critical region of a first-order transition [11, 12] and therefore regarded as metastable. Static phase separation in the long-range ordered magnetic ground state, on the other hand, is much rarer [13] . Moreover, thermodynamic information about the phase separation, which is essential to extracting the fundamental physics in relevant systems [7, 8] , has not been understood in any quasi 1D case so far.
The triclinic cobaltate compound γ-CoV 2 O 6 (γCVO) has weakly coupled zigzag chains of Co running along the b axis; each chain is composed of two crystallographically inequivalent Co 2+ (S = 3 2 ) cations, Co (1) and Co (2) , in a ratio of 1 : 2 [13, 14] . In the ground state, our neutron powder diffraction (NPD) study showed that γCVO possesses two spatially separated magnetic order modulated by k 1 = ( 1 2 , 0, 0) and k 2 = ( 1 4 , 0, -1 4 ), respectively [13, 15] . As the temperature increases, the k 2 phase undergoes a commensurate-incommensurate transition at T = 5.6 K, accompanied by the loss of the long-range spin correlations [13] . The k 1 phase disappears at T N1 = 6.6 K, while the Néel temperature of the k 2 phase (T N2 ) could not be unambiguously determined by NPD [13] . This is due to the prevailing magnetic diffuse scattering that emerges around the k 2 modulated Bragg positions above T and remains observable up to at least 25 K [13] . In the same region, another investigation, using magnetometry and inelastic neutron scattering (INS), has revealed strong ferromagnetic (FM) fluctuations in this compound [16] .
In a muon spin relaxation and rotation (µSR) experiment, 100 % spin-polarized positive muons are implanted inside the sample and stop rapidly at the interstitial sites. The muons decay with a mean lifetime of τ µ = 2.2 µs, emitting positrons that are asymmetrically distributed in the forward and backward directions of the initial muon spin. This asymmetry can be used to determine the time evolution of the muon polarization, which is an extremely sensitive probe of the local magnetic environment [17, 18] and ideally suited for the study of magnetic phase separation [19] [20] [21] .
In this work, we present a detailed µSR investigation on γCVO. Upon cooling, the spatially homogeneous paramagnetic (PM) fluctuations break down (partially) at T m 26 K, as evidenced by the detection of two muon stopping environments that can be associated with the formation of local spin clusters. While the muon relaxation rate probing these emergent magnetic microphases diverges at 7.5 K, the one probing the PM volume does not diverge until the onset of the k 1 phase at T N1 = 6.6 K, indicating a second magnetic phase transition at 7.5 K (T N2 ). By analyzing the temperature dependence of the µSR spectrum, we show that the transition at T N2 is intimately linked to the k 2 phase. These results unveil a nontrivial thermodynamic pathway to the ground state magnetic phase separation in weakly coupled spin- O (4N) were homogeneously ground in an agate mortar, pressed into pellets and annealed at 640 • C for 6 days. X-ray powder diffraction measurements were performed using a STOE STADI MP diffractometer (Cu K α1 , λ = 1.5406Å) to confirm the crystallographic structure of our sample at room temperature. A tiny amount of impurity phase, identified as Co 2 V 2 O 7 [22] , could be resolved in our Rietveld refinement (see Appendix A); its volume fraction (< 0.5 %) is well below the µSR sensitivity threshold. The magnetic susceptibility measurements were performed in a Quantum Design MPMS3 Superconducting Quantum Interference Device (SQUID) magnetometer. µSR measurements were carried out on the MuSR instrument at the ISIS pulsed muon and neutron spallation source. Seven cylindrical pellets (∼ 10 mm in diameter and 1 mm in height) of γCVO were mounted next to each other on a silver holder and placed in a helium cryostat with a base temperature about 1.5 K.
III. µSR DATA MODELLING
The zero-field (ZF) µSR spectra collected above and below T N1 have been fitted by
and
In Eq. 1, for T > T N 1 , the first term describes the muons stopping in a homogeneous paramagnetic environment, where the exponent β reflects the form of magnetic field distribution therein [20] . The second term is only resolvable for T ≤ T m 26 K; it is introduced to capture the magnetic fluctuations in the emergent spin clusters reported in Refs. 13 and 16. In Eq. 2, for T ≤ T N 1 , the first two terms describe the coherent and incoherent muon precession about the large transverse quasistatic field generated by the magnetic long range order in the k 1 phase [19, 20, 23] . The third term, to be discussed below, describes the magnetic fluctuations in the k 2 phase. In the modelling using Eq. 2, the phase Φ 1 is related to the offset between the implanted muons and detector [17, 20] , it has been fixed to a constant value of 5.10 degrees.
The A NM term in both equations comes from the nonmagnetic (NM) muon stopping sites, including those in the silver holder and sample. All the fits were performed on the data collected between 0.14 µs and 12.0 µs. As shown in Figure 1 , Eqs. 1 & 2 reproduce the µSR spectra at the corresponding temperatures well.
IV. RESULTS

FIG. 2. Temperature dependences (T > Tm
26 K) of (left axis) the exponent β in Eq. 1 and (right axis) the relaxation rate of muons stopping in a paramagnetic environment.
We first discuss the muon relaxation above T m . In this region, we cannot resolve a finite A E value, pointing to a magnetically homogeneous state. This also indicates that the first term in Eq. 1 accounts for the whole γCVO sample, the volume of which is therefore proportional to the initial asymmetry A PM [17] . A PM is found to be temperature independent and equal to 0.2224(3). Moreover, A NM = 0.0420(3) also does not vary in temperature within the errors; this constant amounts to the asymmetry of the silver holder probed by the muons. The temperature dependences of β and λ PM above T m are shown in Fig. 2 . At 100 K, the highest temperature measured in our study, β is 1.59(1) and shows no sign of saturation. As the temperature decreases, β is suppressed, reaching 1.043 (7) at 31 K. This observation can be explained by a change in the nature of the dynamics probed by the muons while cooling. Moreover, since β = 2.0 means a random magnetic field distribution, the shift towards β = 1.0 may also suggest the build-up of the Ising-like magnetic anisotropy along the effectively isolated spin chains in this material [13, 24] . This fits with the magnetic susceptibility of our sample, which reveals deviation from the Curie-Weiss description of a completely disordered spin system well above T m (∼ 250 K, see Fig. 8b in Appendix C). λ PM gradually increases upon cooling; it agrees with the typical behaviour of muons stopping in a paramagnetic environment and will be revisited in more detail later.
The exponent β reaches 1.0 at T m 26 K and stops decreasing upon further cooling within our resolution. This implies that there is no distribution of relaxation times or couplings below T m in the paramagnetic volume [17] . Therefore, we have fixed β at 1.0 for T ≤ T m . The PM asymmetry in the sample begins to decrease for T ≤ T m due to the growth of the emergent spin clusters described by the A E term in Eq. 1 (Fig.  3b & Fig. 4b ). Because there is no magnetic long-range order at these temperatures [13] , our observations unambiguously show the presence of magnetic microphase separation in this material. The paramagnetic fluctuation rate diverges while approaching 6.6 K, below which a coherent oscillation is observed ( Fig. 1a & Fig. 3c, d) , signifying a magnetic phase transition at this temperature. The effective volume of the phase responsible for the coherent (incoherent) muon precession described by the A 1 (A 2 ) terms in Eq. 2 is 69(3) % (see Appendix B).
This value is too large to be the k 2 phase, which is a minority in the ground state [13] . As a result, we attribute this coherent oscillation to the quasistatic magnetic field generated in the majority k 1 phase, the Néel temperature of which (T N1 ) is exactly 6.6 K [13] . We also note that the small value of A 1 indicates that there is more than one type of muon precession site associated with the k 1 phase (Fig. 3a ). Combining this with the fact that only the muon relaxation rate describing the PM volume diverges at T N1 (Fig. 3c & Fig. 4c ), we conclude that the spins in the PM volume condense into the k 1 state at T N1 = 6.6 K.
The temperature dependence of the muon relaxation rate describing the emergent spin clusters (λ E ) is shown in Fig. 4c . Unlike the paramagnetic spins, the magnetic fluctuations generated by these short-range correlated clusters diverge at a higher temperature: 7.5 K. Concomitantly, A E and A NM are suppressed ( Fig. 4b & f) . These features suggest the existence of a second magnetic phase transition at 7.5 K. The parameters describing these clusters evolve smoothly while cooling below T N1 . This implies a loose coupling between them and the spins in the k 1 domain. A NM has a non-vanishing contribution from the sample below T m , which only drops to the silver background line, A NM (Ag) = 0.0420(3), at 5.6 K. This strongly supports the argument that these emergent clusters are intimately coupled to the k 2 phase, which undergoes an incommensurate-commensurate lock-in transition at T = 5.6 K [13] . Accordingly, the first suppression of A NM at 7.5 K, correlated with the divergence of λ E , marks the onset of the k 2 phase. Additional support for this comes from the magnetic susceptibility versus temperature measurements, which show a broad peak centered at 7.5 K in our sample (Fig. 8a in Appendix C). All these can be explained by the prevailing local FM clusters in the k 2 volume [13, 16] , the net moment of which only get cancelled out below the Néel phase transition at 7.5 K. In other words, we have demonstrated that the Néel temperature of the k 2 phase is T N2 = 7.5 K.
We now discuss the muon relaxation process described by the A 3 term in Eq. 2 (Fig. 4a & c) . First of all, it is not related to the k 1 phase, which has already been captured by the first two terms in Eq. 2. Moreover, its initial asymmetry is too large to account for the domain walls between the two phases. We therefore assign it to the magnetic fluctuations in the k 2 phase. The two magnetic phase transitions in this compound complete around 4.6 K (see Fig. 3c and Ref. 13) . Upon further cooling, we see that a large portion of the sample volume accommodating the A 3 fluctuations becomes NM; this conversion finishes around 2.8 K (Fig. 4a & e ). The NM effective volume in the sample at 1.8 K, after subtracting the silver holder contribution, is 13(2) %. This is close to half of the estimated effective volume of the k 2 phase, which is 30(3) % (Appendix B). Looking at its magnetic structure, half of the spin chains are completely disordered in the k 2 ground state [13] . Notably, at the disordered spin site, the four nearest neighbours, which are all magnetically ordered, generate a compensated magnetic field. As a result, we propose that the reentrant NM volume comes from these disordered spins. The residual A 3 term below 2.8 K (Fig. 4a) , on the other hand, could come from the weak short-range spin correlations that persist down to at least 1.5 K, as revealed by NPD [13] . Accordingly, the non-zero muon decay above 4.6 K is related to the strong spin fluctuations in the transition region or the incommensurate spin arrangement above T , which can generate a non-compensated magnetic field at the muon stopping sites. These results highlight the metastable nature of the k 2 phase in this compound at intermediate temperatures, which only gets fully stabilized below 2.8 K.
V. DISCUSSION AND SUMMARY
With all the results presented above, we discuss the microscopic picture of the magnetic phase separation in γCVO. Although no magnetic order is formed above T N2 , this system does not fit the Curie-Weiss description between 100 K and T m [16] . Because of the positive Weiss temperature in our sample (∼ 14.5 K in our sample, see Appendix C) [16] , which is predominantly contributed by the intrachain coupling, we believe that local spin-spin correlations develop along the chains in this region. From our µSR data, γCVO is magnetically homogeneous above T m (Fig. 2) , meaning that the 1D FM clusters should populate the entire sample volume. The magnetic microphase separation sets in when γCVO is cooled below T m . If we assume that the 1D character persists on cooling, it may be that the effectively isolated spin chains become magnetically inhomogeneous, with no correlations between them, or in the ac plane. Another possibility is that a local 1D-3D dimensional crossover occurs at T m . In this scenario, the magnetic inhomogeneities described by the A E term in Eq. 1 are exclusively introduced by the energetically relevant interchain coupling(s). Although µSR is a local probe and therefore cannot directly distinguish these scenarios alone, the higher Néel temperature for the spins in these emergent clusters (T N2 ) seems to favor the second scenario from an energy point of view. This interchain scenario can also explain the puzzle of dominant magnetic diffuse scattering around the k 2 modulated positions below T m though it is a minority phase in the ground state [13] . While the spins in the emergent clusters (k 2 domain) develop some coherence at T N2 , the true magnetic long-range order, together with its modulation vector, is not stabilized until T . These features turn out to be strongly correlated with the additional NM muon stopping sites in the sample. As a result, this NM environment must be responsible for the metastable k 2 phase, i.e. its temperature dependent modulation vector and finite spin-spin correlation length [13] , between T N2 and T . Although the k 2 magnetic phase transition is completed around 4.6 K, strong magnetic fluctuations, described by the A 3 term in Eq. 2, can be observed down to 2.8 K. This observation could explain the strong low-energy excitations above 2.0 K observed by INS [16] . As for the k 1 phase, it results from the non-vanishing PM volume in the magnetic microphase separation state. Since no interchain spin correlation exists in these domains, this state is energetically less favored, corresponding to a lower transition temperature T N1 . Below T N1 , the spins in this phase behave like those in a conventional magnet [17] .
In summary, we have used µSR, which is an extremely sensitive probe for local magnetic environment [17] , to follow the development and evolution of the spatially segregate magnetic phases in γCVO as a function of temperature. The obtained magnetic phase diagram, along with the µSR term(s) describing the corresponding phase, is displayed in Fig. 5 . The key finding is the magnetic microphase inhomogeneities that emerge in the PM state at T m , which we then demonstrated to be a thermodynamic precursor for the ground state phase separation in this material. In the family of quasi 1D magnets, the static and dynamic magnetic properties in the homogeneous state have been intensively studied [3, 5, 6, 25] . The physics of magnetic phase separation, however, are not well understood in materials of this class and have mostly been focused on materials with a higher effective dimension, e.g. the two-dimensional Kagomé or triangular lattice [9, 10, 26] and three-dimensional perovskite lattice [7] . Regardless of the dimension, one key component shared by all these materials is the strong electron correlation effect, which leads to a situation dominated by frustrated quantum many-body interactions, in which the system's total free energy cannot be minimized by optimizing the interaction energy between every pair of spins or electrons. Our work has unveiled the thermodynamic pathway to the phase separated magnetic ground state in a quasi 1D magnet and therefore provides a concrete foundation for future theoretical and experimental studies.
High-resolution X-ray diffraction (XRD) measurements on our sample were performed at room temperature. The obtained pattern was refined using the Rietveld method in the FullProf package [27] . As shown in Figure 6 , majority of the Bragg peaks belong to γCVO with a volume fraction of 99.55(84) %; the refined lattice parameters and atomic positions are listed in Table  I . These values are in broad agreement with the ones reported in Ref. 13 . In addition to γCVO, a very weak impurity phase with a volume fraction of 0.45(18) %, identified as Co 2 V 2 O 7 [22] , could also be resolved (Fig.  6) . (6) 0.1208 (7) 
